Introduction {#Sec1}
============

Lignocellulosic biomass represents a potential feedstock for microbial conversion to renewable fuels and chemicals. Prior to fermentation, carbohydrate components (cellulose and hemicellulose) must be converted to soluble sugars using acids, enzymes, or a combination (Cheng et al. [@CR4]; Wyman et al. [@CR19]; Um et al. [@CR18]). During steam pretreatment with mineral acids, 5-hydroxymethyl furfural (5-HMF) and furfural are produced as minor but toxic side products from the dehydration of hexose and pentose sugars, respectively (Martinez et al. [@CR9]; Palmqvist and Hahn-Hagerdal [@CR15]). 5-HMF has been shown to retard growth and fermentation of ethanologenic *E. coli* (Zaldivar et al. [@CR20]) and *Saccharomyces cerevisiae* (Almeida et al. [@CR1]; Palmqvist and Hahn-Hagerdal [@CR14]; Taherzadeh et al. [@CR17]).

Furans can be removed from hemicellulose hydrolysates by over-liming to pH 10 at elevated temperatures (Martinez et al. [@CR9]). This process requires the efficient separation of hydrolysate syrups from cellulosic fibers, specialized equipment for lime mixing, separation of syrups from insoluble calcium salts, and creates a solid waste for disposal. The development of furan-resistant biocatalysts could eliminate much of this process complexity. Several enteric bacterial genera (*Klebsiella*, *Enterobacter*, *Escherichia*, *Citrobacter*, *Edwardsiella*, *Proteus*) as well as yeasts convert 5-HMF into 5-hydroxymethyl furfuryl alcohol, a less toxic compound (Boopathy et al. [@CR3]; Palmqvist and Hahn-Hagerdal [@CR14]; Zaldivar et al. [@CR20]). *S. cerevisiae* produces multiple oxidoreductases (YGL157W, ADH6, and a mutated ADH1) that can reduce both 5-HMF and furfural to less toxic products (Almeida et al. [@CR1], [@CR2]; Heer et al. [@CR6]; Liu and Moon [@CR8]). Increased expression of these genes was shown to be beneficial for some aspects of 5-HMF tolerance although none have been shown to increase the minimum inhibitory concentration of furfural. Gorsich et al. ([@CR5]) identified many gene inactivations in *S. cerevisiae* that increased sensitivity to furfural and 5-HMF. Over-expression of one gene, *ZWF1* (glucose 6-phosphate dehydrogenase), increased tolerance to furfural.

A furfural-resistant mutant (strain EMFR9) of an ethanologenic *E. coli* was recently isolated (Miller et al. [@CR13]). In contrast to studies with yeast, resistance in EMFR9 was found to result from decreased expression of two NADPH-dependent furfural oxidoreductases (*yqhD* and *dkgA*) which encode half of the cellular furfural reductase activity. Like biosynthetic enzymes, both have low Km values for NADPH.

In this study, we demonstrate that EMFR9 is also resistant to 5-HMF. Both furans appear to inhibit the growth of *E. coli* in xylose minimal media by a similar mechanism. Furan reduction by YqhD and DkgA limits biosynthesis by depleting NADPH pools.

Materials and methods {#Sec2}
=====================

Strains, media, and growth conditions {#Sec3}
-------------------------------------

Strains and plasmids used in this study have been previously described (Miller et al. [@CR12], [@CR13]). These include LY180 (an ethanologenic derivative of *E. coli*), EMFR9 (furfural-tolerant derivative of LY180), LY180Δ*yqhD*, LY180Δ*dkgA*, LY180Δ*yqhD* ΔdkgA, pLOI4301 containing *yqhD*. Plasmids pLOI4303 containing *dkgA* (Miller et al. [@CR13]), and pLOI4316 containing *pntAB* (Miller et al. [@CR12]) were also used. Cultures were grown at 37°C in AM1 minimal media (Martinez et al. [@CR11]) containing 20 g l^−1^ xylose (solid medium), 50 g l^−1^ xylose (Bioscreen C growth analyzer and tube cultures), or 100 g l^−1^ (pH-controlled fermentations).

Tolerance to HMF was tested using 13 × 100 mm closed tubes containing 4 ml AM1 and 5-HMF as indicated. When appropriate, antibiotics were included for plasmid maintenance. Tubes were inoculated to an initial density of 0.05 OD~550nm~. Growth was measured as the OD~550~ value after incubation (60 rpm) for 48 h. To examine the effects of *pntAB* on furan tolerance, a multiwall plate containing 400 μl AM1 (and 5-HMF or furfural) per well was inoculated as above. OD~(420--580nm\ bandwidth)~ was measured for 72 h using a Bioscreen C growth analyzer (Oy Growth Curves, Helsinki, Finland).

For fermentation experiments, seed cultures of LY180 and EMFR9 were grown overnight in small fermentors (37°C, 200 rpm) containing 350 ml of AM1 medium. Broth was maintained at pH 6.5 by the automatic addition of 2 N KOH. Upon reaching mid-log phase, experimental fermenters were inoculated to an initial cell density of 0.1 OD~550~ (33 mg dry cell weight l^−1^). Cell mass (OD~550~) and furan levels were monitored at 12-h intervals as described previously (Martinez et al. [@CR10]).

Furan reduction in vivo was measured using pH-controlled fermenters. Furans were added when the cultures reached approximately 1 OD~550~ using a 10% w/v stock solution. Cell mass and 5-HMF were measured after 0, 15, 30, and 60 min.

In vitro furan reduction {#Sec4}
------------------------

Culture tubes (13 × 100 mm) containing AM1 and 0.1 mM IPTG were inoculated to 0.05 OD~550~ and incubated at 37°C. These were harvested at a density of 1--2 OD~550~. Cell pellets were washed once with 100 mM potassium phosphate buffer (pH 7.0), and resuspended in buffer at a density of 10 OD~550~. Samples (1 ml) were added to 2 ml tubes containing Lysing Matrix B and disrupted (20 s) using a FastPrep-24 (MP Biomedicals, Solon, OH). Furan-dependent oxidation of NADPH was measured at 340 nm using a DU 800 spectrophotometer (Beckman Coulter, Fullerton, CA). Reactions (200 μl total volume; 37°C) contained 50 μl crude extract, 0.2 mM NADPH, and 20 mM 5-HMF. Protein was measured using the BCA assay (Thermo Scientific, Rockford, IL).

Statistical analysis {#Sec5}
--------------------

Data are presented as an average ± SD (*n* ≥ 3). Statistical comparisons (2-tailed student *t* test) were made using Graphpad Prism software (La Jolla, CA).

Results {#Sec6}
=======

Strain EMFR9 exhibits increased tolerance to 5-HMF {#Sec7}
--------------------------------------------------

Mutations present in the furfural-resistant mutant, EMFR9, also increased resistance to 5-HMF (Fig. [1](#Fig1){ref-type="fig"}). At 1 g 5-HMF l^−1^, growth and ethanol production by EMFR9 were equal to that of LY180 (parent) in the absence of 5-HMF (Fig. [1](#Fig1){ref-type="fig"}a, b). 5-HMF was rapidly metabolized by EMFR9 during the initial 24 h of fermentation with no detrimental effect on cell yield or ethanol yield. The growth of LY180 was completely inhibited by 1.0 g 5-HMF l^−1^, although 5-HMF levels declined slowly during incubation (Fig. [1](#Fig1){ref-type="fig"}a, b, c). No decline was observed without inoculation (data not shown) confirming that this is the result of metabolic activity.Fig. 1Effect of 5-HMF on anaerobic growth and fermentation. Cells were grown in AM1 mineral salts media with xylose (100 g xylose l^−1^). **a** Cell mass during growth with 1 g 5-HMF l^−1^; **b** ethanol production during fermentation with 1 g 5-HMF l^−1^; **c** reduction of 5-HMF (1.0 g l^−1^) during fermentation; **d** cell mass during growth with 2.5 g 5-HMF l^−1^; **e** ethanol production during fermentation with 2.5 g 5-HMF l^−1^; **f** reduction of 5-HMF (2.5 g 5-HMF l^−1^) during fermentation. Parallel fermentations without 5-HMF are included (*dashed lines*) in panels **a** and **b** for comparison. All data are plotted as a mean with standard deviation (*n* = 3). Symbols for all: *open square*, LY180; and *filled circle*, EMFR9

With EMFR9, ethanol production and growth were slowed by inclusion of 2.5 g 5-HMF l^−1^ but proceeded to completion after 96 h (Fig. [1](#Fig1){ref-type="fig"}d, e, f). Cell and ethanol yields with this higher level of 5-HMF were comparable to LY180 without 5-HMF. The level of 5-HMF declined rapidly and completely with EMFR9. With LY180, metabolism of 5-HMF was slow and incomplete (Fig. [1](#Fig1){ref-type="fig"}f).

Effects of YqhD and DkgA on 5-HMF tolerance {#Sec8}
-------------------------------------------

Furfural tolerance in EMFR9 was previously demonstrated to result from the silencing of two NADPH-dependent oxidoreductases, YqhD and DkgA (Miller et al. [@CR13]). Genes encoding these activities were cloned into pCR2.1 TOPO, transformed into EMFR9, and induced with 0.1 mM IPTG. Cells were harvested, disrupted, and tested for 5-HMF reductase activity (Fig. [2](#Fig2){ref-type="fig"}a). Expression of *yqhD* and *dkgA* individually from plasmids resulted in a 5-fold increase in the rate of 5-HMF-dependent oxidation of NADPH, confirming that YqhD and DkgA use 5-HMF as a substrate.Fig. 2Effect of YqhD and DkgA on the in vitro reduction of 5-HMF and on 5-HMF tolerance. **a** Specific activity for 5-HMF reduction in vitro*.* Activity was measured in lysed cell extracts (2 mM NADPH, 20 mM 5-HMF). **b** Effect of *yqhD* and *dkgA* expression from plasmids on the cell yield of EMFR9 (resistant mutant). Experiments were performed in tube cultures with AM1 medium containing 50 g xylose l^−1^ and 1.0 g 5-HMF l^−1^ (48 h incubation). Note that inclusion of kanamycin for plasmid maintenance lowers 5-HMF tolerance. Induced (Ind.) were grown with 0.1 mM IPTG. **c** Effect of *yqhD* and *dkgA* deletions on the cell yield of LY180 (parent). Experiments were performed in tube cultures with AM1 medium containing 50 g xylose l^−1^ and 2.5 g 5-HMF l^−1^ (48 h incubation). All data are plotted as a mean with standard deviation (*n* = 4)

The individual expression of *yqhD* and *dkgA* from plasmids decreased the tolerance of EMFR9 to 5-HMF (Fig. [2](#Fig2){ref-type="fig"}b). Addition of kanamycin (12.5 mg l^−1^) for plasmid maintenance decreased 5-HMF tolerance in all strains, requiring the use of a lower concentration of 5-HMF (1 g l^−1^) in this experiment. Plasmid pCR2.1 is leaky for the expression of cloned genes in the absence of IPTG (Purvis et al. [@CR16]). Even uninduced expression of *yqhD* was sufficient to restore the sensitivity of EMFR9 to 5-HMF. Growth inhibition by 5-HMF was further increased by *yqhD* induction. Expression of *dkgA* was less effective and required induction to restore 5-HMF sensitivity in EMFR9. Differences in effectiveness between these two oxidoreductases are consistent with the lower apparent K~m~ of YqhD (8 μM) for NADPH compared to 23 μM for DkgA (Miller et al. [@CR13]).

Deletion of *yqhD* from LY180 increased tolerance to 2.5 g 5-HMF l^−1^ (Fig. [2](#Fig2){ref-type="fig"}c). Deletions in which markers remained in the chromosome were less effective but confirmed that the inactivation of *yqhD* was beneficial for 5-HMF tolerance in all cases.

Increasing the availability of NADPH increases 5-HMF tolerance {#Sec9}
--------------------------------------------------------------

The proton-translocating transhydrogenase *pntAB* (Keseler et al. [@CR7]) was over-expressed in LY180 (Fig. [3](#Fig3){ref-type="fig"}) to increase the availability of NADPH. In the absence of inhibitor (Fig. [3](#Fig3){ref-type="fig"}a), both LY180 with the vector (control) and LY180 (pTrc99a *pntAB*) grew at the same rate. Induction of LY180 (pTrc99a-*pntA*) with IPTG (0.01 mM) was detrimental in the absence of 5-HMF. Uninduced LY180 (pTcr99a *pntAB*), however, grew more rapidly than the vector control (Fig. [3](#Fig3){ref-type="fig"}b, c) in the presence of 5-HMF (0.9 and 1.8 g l^−1^). A similar benefit of *pntAB* was observed previously with furfural (Miller et al. [@CR12]). Thus the inhibition of growth by both furans appears to result from furan reduction, depleting the pool of NADPH required for biosynthesis. In addition, over-expression of *pntAB* led to an increase in overall growth after 72 h, even in the absence of furfural, indicating that biosynthesis may be limited by NADPH under these conditions.Fig. 3Effect of *pntAB* expression from plasmids on 5-HMF tolerance. Experiments were conducted using the Bioscreen C growth curve analyzer with AM1 medium containing 50 g xylose l^−1^ and 5-HMF as indicated. All data are plotted as a mean with standard deviation (*n* = 10). Connecting points have been omitted for clarity. **a** No supplement; **b** supplemented with 0.9 g 5-HMF l^−1^; and **c** supplemented with 1.8 g 5-HMF l^−1^. Symbols for all: *open triangle*, LY180 (pTrc99a-control); *open circle*, LY180 (pTrc99a-*pntAB*) uninduced; *filled circle*, LY180 (pTrc99a-*pntAB*) induced with 0.01 mM IPTG

Sulfur assimilation and cysteine biosynthesis have a particularly high requirement for NADPH. Supplementing with cysteine was previously shown to increase furfural tolerance in *E. coli* LY180 (Miller et al. [@CR12]) but was of less benefit for 5-HMF tolerance (Fig. [4](#Fig4){ref-type="fig"}). Growth of LY180 was partially inhibited by 1 g 5-HMF l^−1^ and completely restored by supplementing with 100 μM cysteine. Growth in the presence of 2.5 g 5-HMF l^−1^ was not restored by 100 or 1,000 μM cysteine (Fig. [4](#Fig4){ref-type="fig"}b). Unlike furfural, cysteine supplements did not increase the MIC for 5-HMF.Fig. 4Effect of [l]{.smallcaps}-cysteine on 5-HMF tolerance of LY180. Experiments were performed in tube cultures with AM1 medium containing 50 g xylose l^−1^ and 5-HMF (24 h incubation). Cultures were supplemented with filter-sterilized [l]{.smallcaps}-cysteine as indicated. All data are plotted as a mean with standard deviation (*n* = 4). **a** 1 g 5-HMF l^−1^; **b** 2 g 5-HMF l^−1^

Conclusions {#Sec10}
===========

Selection of an *E. coli* mutant (EMFR9) for resistance to growth inhibition by furfural (Miller et al. [@CR13]) was accompanied by resistance to 5-HMF. Both of these furans are important toxins in acid hydrolysates of hemicellulose (Almeida et al. [@CR2]; Gorsich et al. [@CR5]; Zaldivar et al. [@CR20]). At low concentration, both furans were less toxic to cellular functions in *E. coli* than the consequences of their metabolism. During catabolism, low K~m~ NADPH-dependent oxidoreductases (YqhD and DkgA) compete with biosynthesis for this key cofactor and inhibit growth (Fig. [5](#Fig5){ref-type="fig"}). Genes encoding these enzymes (*yqhD* and *dkgA*) were silenced in the furan-resistant mutant. Sensitivity was restored by plasmids encoding the production of either enzyme. Resistance was acquired in the parent by deletion of *yqhD*.Fig. 5Proposed mechanism for growth inhibition by furans during ethanol fermentation. Xylose or other sugar is initially catabolized to CO~2~, acetaldehyde, and low levels of other intermediates. Energy is conserved in the form of ATP. NADH serves as the dominant electron carrier, and is regenerated during fermentation by the reduction of acetaldehyde to ethanol. Small amounts of NADPH are produced for essential biosynthetic reactions by genes such as those listed. NADP^+^ and ADP are regenerated during biosynthesis (and maintenance). Two oxidoreductases (YqhD and DkgA) with low apparent K~m~ values for NADPH are proposed to inhibit biosynthesis and growth by depleting the supply of NADPH

Cells are quite limited in their ability to produce NADPH during fermentative growth on xylose. The most likely source of NADPH under these conditions would be the transhydrogenases (*sthA* and *pntAB*). Plasmid expression of *pntAB* was found to increase resistance to both furfural (Miller et al. [@CR12], [@CR13]) and 5-HMF. A small amount of NADPH would be produced by isocitrate dehydrogenase (*icd*) during 2-ketoglutarate biosynthesis. Additional NADPH could be produced during gluconeogenesis using malic enzyme (*maeB*) and by the pentose phosphate pathway (glucose dehydrogenase, *gnd;* glucose 6-phosphate dehydrogenase, *zwf*).

The effects of 5-HMF and furfural may not be identical, however. Growth inhibition by these compounds differed in the presence of supplemental cysteine. Sulfur assimilation and cysteine have a high requirement for NADPH. Addition of low levels of cysteine increased the MIC of furfural, presumably by sparing NADPH for other biosynthetic functions (Miller et al. [@CR12]). Unlike furfural, cysteine addition provided a very limited benefit for 5-HMF tolerance. Thus it is likely that both 5-HMF and furfural have additional inhibitory actions that are not shared.
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